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Introduction
One possible material to solve the corrosion problem of steel reinforcing bar (rebar) in reinforced concrete (RC) structures is fiber reinforced polymer (FRP), which has been receiving great interest from researchers and engineers (Okazaki et al. 1993; Faza et al. 1997) . Due to advantageous properties of FRP, FRP rebars of various shapes and sizes have been developed and several design guidelines for FRP RC structures have been published. Based on these efforts, several successful applications of FRP rebars have been achieved (El-Salakawy et al. 2003) . However, the popularity of FRP rebars and its applications are still at relatively low level, because designers and engineers still have doubts in its longterm performance and cost-to-performance benefits (ISIS Canada 2007; ACI 440.1R-06 2006) . Also, a lack of proper design guideline that include FRP rebar specific coefficients and safety factors makes the usage of FRP rebars in actual construction and design difficult. Another major reason hindering its popularity is higher price of FRP rebars than that of steel rebars. In Korea, steel rebar with a diameter of 12.7 mm is currently sold at a price of $0.6~0.8/m whereas manufacturing cost of glass fiber reinforced polymer (GFRP) rebar is approximately $2/m. Even with material advantages of GFRP rebars with respect to life cycle cost of GFRP RC members, the reality of more expensive initial construction cost is burdensome for contractors to select FRP rebars over steel rebars.
It is a well-known fact that RC decks fail not by flexure but by punching shear due to compressive in-plane forces developed from the lateral restraining action exerted by the supporting girders, significantly enhancing its flexural capacity (Okleston et al. 1958; Taylor et al. 1965) . The punching shear failure mode indicates that the overall performance of concrete decks reinforced with steel rebars are dependent not on their strength but on crack width. Since cracks in concrete structures allow water penetration into the members, steel rebar corrosion and rust induced rebar debonding and finally lead to drastic load-carrying capacity degradation of the decks. This would lead to a conclusion that the current design guidelines for steel rebar RC decks are overdesigned in terms of load carrying capacity if allowable crack width must be satisfied. Because of this reason, RC bridge deck is a suitable concrete member for im-plementing FRP rebars. Since the lower elastic modulus of GFRP rebar does not govern the performance of the decks, it is able to allow wider crack width than steel rebar. CHBDC (CAN/CSA-S6-06 2006) states that primary corrosion protection of reinforcement in concrete structures shall be provided by limiting maximum crack width at serviceability state to be 0.35 and 0.7 mm for steel and FRP RC members, respectively. Moreover, the relatively light weight of FRP rebars may reduce construction time and cost, since FRP rebar has a density ranging from one-sixth to one-fourth of that of steel rebars. Also, a non-conductive property of FRP rebars opens the possibility of implementing electric sensors to obtain precise serviceability and durability data from RC structures during their service life. However, unlike steel rebars, there is no standard type for FRP rebars at this time. Moreover, the existing design guidelines might not be able to properly reflect the benefits of using newly developed FRP rebars with enhanced properties, because validated long-term performances such as fatigue capacity of FRP RC members are not properly implemented in the design codes. Kumar and GangaRao (1998) investigated the fatigue behavior of four full-size concrete decks reinforced with sand coated GFRP bars. All decks were subjected to two million load cycles. The major cracks occurred in the direction parallel to the girder. The degradation rate of decks reinforced with GFRP rebar was found to be comparable to decks reinforced with steel rebar. Klowak et al. (2006) conducted static and fatigue tests for decks reinforced with steel, CFRP, and GFRP rebars. They concluded that significant damage was not observed after one million cyclic loads under a service load level and fatigue failure occurred when the deck is loaded repeatedly by a force 2.4 times greater than the service load. El-Ragaby et al. (2007) investigated the relationship between accumulated damage and the life of the deck. Tests were conducted on unreinforced decks with different load magnitudes for planned cyclic load numbers. An equation for estimating fatigue life was proposed, which was then compared to the results from other published research works. Even though some researchers studied about the fatigue performance of FRP RC members as stated, fatigue data is still lacking and needs to be accumulated in order to obtain consensus for designing FRP RC members. You et al. (2015) developed GFRP rebar having relatively higher tensile strength and bond performance than existing ones with same fiber type and amount. This study is performed to evaluate the applicability of the rebar to real concrete structures, such as bridge decks under repetitive moving vehicle loads by conducting fatigue test on bridge decks reinforced with the rebar. Once the fatigue test was completed, a static load test was performed to evaluate residual load carrying capacities of RC decks reinforced with the GFRP rebar. Then, the results from the fatigue test and residual load test were compared to those of ordinary steel rebar RC decks. A total of eight decks with dimensions of 4000x3000x240 mm were fabricated and tested. Three load magnitudes with a minimum cyclic load of two million cycles were applied to the decks. This paper presents the experimental results for different reinforcement types and ratios. The results of the fatigue performance data of RC decks reinforced with the GFRP rebars can to be used as basic data for designers to implement FRP rebars into RC structural design and to establish validated FRP RC design guidelines.
Performance optimization of GFRP rebar
In order to inform readers about the properties of the GFRP rebar with a guaranteed tensile strength of 900 MPa, this section describes the manufacturing process and tensile properties of GFRP rebar (You et al. 2015) .
Manufacturing process
Various factors ranging from constituent material type and amount to manufacturing process affect the tensile strength of GFRP rebar (ACI 440.1R-06 2006) . The easiest way to increase the tensile strength of GFRP rebar is to use high performance constituent materials while reducing the material amount to combat the problem of price increase. Therefore, the enhancement of the tensile strength of GFRP rebar through efficient manufacturing while using same material type and amount would give a necessary price reduction to be competitive with ordinary steel rebar. E-glass fiber and vinylester resin were used in manufacturing a performance optimized GFRP rebar to balance the cost-to-specific strength properties (ACI 440R-96 1996) .
A modified braidtrusion process, which is a combined process of braiding and pultrusion, is applied to make the GFRP rebar, as shown in Fig. 1 . The modified braidtrusion process used for the rebar has special features such as glass fibers pre-tensioning by applying a tensile force and friction forces using a puller and nozzle, respectively. The technique also includes a strand for forming ribs on the surface of the rebar using braiding fibers for better bonding within the one process line. Tightening of fibers for forming ribs and skin and pretensioning of the core fiber bundle lead to a reduction of voids in the cross-section, and consequently increase the tensile strength of GFRP rebar up to 900 MPa guaranteed strength with a volume fraction of 78% by weight.
Tensile behavior of performance optimized GFRP rebar
When designing FRP RC structures, safety factors for the tensile strength of FRP must be considered. The ACI 440. 1R-06 (2006) states "Because long-term exposure to various types of environments can reduce the tensile strength and creep rupture and fatigue endurance of FRP bars, the material properties used in design equations should be reduced based on the type and level of environmental exposure." According to the design code, the guaranteed tensile strength of FRP is obtained from the mean tensile strength minus three times the standard deviation; the design tensile strength is obtained from the guaranteed strength with an environmental reduction factor (e.g., 0.7 for GFRP when concrete is exposed to earth and weather). Also, to avoid creep rupture of the FRP rebar or fatigue loadings, the ACI 440. 1R-06 (2006) recommends the allowable creep rupture stress limits to be 0.2 with regard to the design tensile strength for GFRP. Therefore, when considering a GFRP rebar with a guaranteed tensile strength of 700 MPa, the design value considering the long-term behavior becomes approximately 100 MPa. Unfortunately, there are insufficient data about the environmental reduction, creep, and fatigue of FRP. If we use an alternative guideline from ordinary RC design codes, then the allowable fatigue strength of steel rebar is defined as 125 MPa (CAN/CSA-S6-06 2006). Therefore, if the environmental conditions and fatigue loading induced creep rupture effect are considered, the minimal guaranteed tensile strength of FRP rebar must be 900 MPa.
A photo of the performance optimized GFRP rebar is shown in Fig. 2 . The comparison shows a conclusive improvement in the tensile strength of the optimized GFRP rebar compared to the current GFRP rebar sold on the market when the material types and amounts used in production were the same. 
Experiments on GFRP RC decks

Test specimens
A total of eight concrete decks were constructed and tested. The dimensions of the decks were 4000x3000x240 mm. Two H-steel beams with dimensions of 600x300x14x23 mm were used as the deck support girders. The web of the girder was strengthened with steel plates 9 mm in thickness, and C-channels were installed at both edges between girders for stiffening. Geometry details for deck fabrication are shown in Fig. 3 . Studs with a 22 mm diameter were welded along the length of the H-steel beams, as shown in Fig. 3 . After the installation of formworks, ready-mixed-concrete was poured. All test specimens were constructed using normal weight, ready-mixed concrete with a 28-day compressive strength of 30 MPa. All test decks were cast out- doors, which were covered with a curing sponge cover. Average 28-day compressive strength of concrete was 36 MPa just before fatigue testing. The test parameters included rebar type (steel and GFRP), reinforcement ratio, and the cyclic load number and magnitude. SD and GD were decks reinforced with steel and GFRP rebar, respectively. GD 1 had 0.546% reinforcement ratio, the same as SD. GD 2 and GD 3 had increased reinforcement ratios of approximately 160% and 200% that of GD 1, respectively. Top reinforcement ratios of all decks were fixed at 0.436% for both transverse and longitudinal directions. The cover thickness for both bottom and top reinforcement was 50 mm. Reinforcement details and specimen numbers are tabulated in Table 3 . H-steel, C-channel, and steel reinforcement were not tested in this study because they are factory manufactured products with guaranteed properties satisfying Korean Standard and International Organization for Standardization (ISO) specifications.
Test set-up
All decks were tested under a single concentrated load applied at the center of a specimen. A steel platen of 70 mm thickness with dimensions of 231x577 mm was applied as a concentrated load, which is equivalent to the footprint of a rear wheel of a truck, as specified by the KHBD (MOCT 2005) . A neoprene sheet of 20 mm thickness was used between the steel plate and the concrete surface to protect the surface from possible contact damage due to fatigue loading. All deck specimens were bolted and fixed on the supporting blocks before testing, and the supporting blocks also were fixed to a reaction floor. Strain gauges were used to measure rebar strains. Five linear variable displacement transducers (LVDTs) were used to measure the deformation at different locations around the loaded area and at the supports.
All decks were pre-cracked by applying a monotonic load before fatigue testing. The cracks from a monotonic load of service load level were marked. After unloading to zero, crack gauges of Ω shape were installed along the crack path. Then, cyclic loads were applied to the deck. Static load was applied to the first specimens of GD 1 and GD 3 with a load rate of 0.5 mm/min by displacement control using an actuator of 3000 kN capacity. A dynamic actuator of 1000 kN capacity was used for fatigue tests at a frequency of 3 Hz. After the fatigue test was completed, a monotonic load was applied to assess the residual load capacity of the fatigue tested decks. The planned cyclic load number was two million cycles. The test set-up is shown in Fig.  4 .
Applied fatigue load
Moving wheel load was simulated by a concentrated load that had constant amplitude with different magnitudes. To represent the effect of the pavement load on a deck and to prevent any impact effect during cyclic loading, an initial load magnitude of min P of 15 kN was applied. The maximum rear wheel load specified as a first class bridge in KHBD (MOCT 2005) is 96 kN and service load ser P would be 124.8 kN with an impact factor of 0.3 and a live load factor of 1.0. The peak loads P used in the tests were 3.5, 4.5, and 5.0 folds of service load, which correspond to 432, 560, and 630 kN, respectively. Table 4 shows minimum and maximum applied load magnitude and cycles for all of the decks.
Test results
Static load carrying capacity
Before performing fatigue tests, the maximum load s P of 959 kN and 1067 kN were obtained from static load tests of the first specimen of GD 1 and GD 3, respectively. GD 3 with two times the reinforcement ratio of GD 1 showed 111% of the maximum load of GD 1. You et al. (2008) performed a static test on a steel rebar reinforced deck with 0.546% transverse reinforcement ratio and two GFRP rebar reinforced decks with 0.546% and 1.091% transverse reinforcement ratios. Concrete with a 28-day compressive strength of 30 MPa was used to cast the specimens. The GFRP reinforced deck showed a maximum load carrying capacity of approximately 90% of that of steel reinforced deck when both decks had the same reinforcement ratio of 0.546%. Previously, You et al. (2008) reported that GFRP reinforced decks with two times the reinforcement ratio (1.091%) showed approximately a 115% increase in the maximum load than that of the decks with an ordinary reinforcement ratio (0.546%). The static test results in this study reflect the previously reported behavior in the maximum load. Even though the elastic modulus of GFRP is approximately a quarter of that of steel, the maximum load and deflection results showed that the GFRP RC deck had similar and 146% increase relative to those of the steel deck, respectively. The satisfactory performance of the GFRP RC decks compared to ordinary decks is due to the lateral restraining action exerted by the supporting girders increasing flexural capacity and enhanced performance of GFRP rebar (i.e., enhanced elastic modulus) used in this study.
Residual maximum load capacity after cyclic test
After the cyclic test was performed on the decks, a static test was performed to measure residual maximum load carrying capacity and deflection. The test results are shown in Table 5 . The residual maximum load res P of the second specimen of GD 1 was 943 kN, and this is similar to that of SD with the same reinforcement ratio as GD 1. The residual deflection of the second specimen of GD 1 increased by 145% compared to that of SD, which can be considered to be a minute change, considering the large difference in elastic modulus of steel and GFRP rebars. GD 2 and the second specimen of GD 3 have a reinforcement ratio of 1.6 and 2.0 times that of GD 1, respectively. The residual maximum loads were 957 and 970 kN for GD 2 and GD 3-2, respectively. This result indicates that the increase in bottom reinforcement ratio produces an insignificant increase in the load carrying capacity of the GFRP reinforced deck when it is fixed to girders, as recommended by design codes.
When a 630 kN load, equivalent to 5.0 times the service load and 66% of the maximum static load capacity, was applied to the third specimen of GD 1, premature punching shear failure occurred at 1.2 million cycles during the fatigue test. However, when 432 kN, equivalent to 3.5 times the service load and 40% of the maximum static load capacity, was applied to a second specimen of GD 3, the fatigue load cycle was extended to three million cycles without any punching shear failure. This result implies that the fatigue load carrying capacity is strongly dependent on the magnitude of the applied cyclic load. The residual load capacities of GD 1 and GD 3 after two million cyclic loadings were approximately 90% of their maximum static load capacity. The maximum static load capacity of SD was not tested, but a value of 1074 kN can be estimated from the results reported by You et al. (2008) that the maximum static load of steel reinforced deck was approximately 1.12 times that of a GFRP reinforced deck when they have same reinforcement ratio. If this estimation is valid, the residual load capacity of SD would be 89% of the maximum static load capacity, equivalent to 953 kN after two million cyclic loadings. Consequently, the results showed conclusive proof of the possibility that a GFRP reinforced deck can replace a steel reinforced deck based on its load carrying and deflection capacities. 
Load-deflection behavior
Among many applied load versus center deflection relationships obtained from the test, the result of the second specimen of GD 1 is shown in Fig. 5 . Plastic deformation increased in a step manner as the number of cyclic loads increased from thousand cycles to two million cycles, as shown in Fig. 5 . The slopes of load-center deflection curves of all specimens were calculated and are plotted in Fig. 6 . As shown in Fig. 6 , the slopes of the relations decreased as the number of cyclic loads increased. The third specimen GD 1, which failed by cyclic loading showed rapid slope reductions before the target failure cycle was reached. The final failure slope could not be obtained, because the monotonic load test could not be conducted due to the specimen catastrophically failing during fatigue testing. However, based on the analysis of the test results, it is safe to assume that the magnitude of slope change before failure was 60% of the initial slope. If we assume that the magnitude of slope change before failure is 60% of the initial slope, the failure of GD 1-2, GD 3-2, and GD 3-3 specimens were imminent, since the magnitude of their slope change was 50% of the initial slope after planned load cycle.
Strain of reinforcing bar
Strain gauges were attached on the surface of the rebar before concrete casting. The variation of strain distribution for the right half of the slab at the bottom rebars of the transverse cross-section for increasing load is shown in Fig. 7 . In Fig. 7 , strains were reversed to be negative values for easy viewing. Maximum strain occurred at a loading point and the difference relative to other locations increased as load increased. As shown in Fig. 7 , there was an unusual region, which was located at approximately 600 mm from the center. This region was in compression at an early stage of loading, which was opposite to other regions. This behavior might be due to the geometry effect. As load increased, this region turned into tension with a discontinuous behavior, indicating punching shear failure.
After the specimens were fatigue tested, rebar strains were measured from the static test performed for evaluation of residual load capacity. The measured strain at the center location of the transverse bottom rebar is shown in Fig. 8 . Unfortunately, most of the strain gauges at the center of the deck were not operational after 100 thousand cycles; only the gauges that experienced low strains survived beyond one million cycles. The failure trend shows that the gauge capacity was insufficient for a planned two million cyclic loading. However, as shown in Fig. 8 , there was no significant strain change in steel and GFRP rebar up to 100 thousand cyclic loads, indicating that the rebar has not yielded up to that load cycle. 
Crack characteristics
Cracking patterns were similar in all of the decks. At an early stage of fatigue loading, some major cracks propagated on the bottom face of the deck in the longitudinal direction parallel to the supports. As the load cycle increased, more cracks developed in the transverse and radial direction, forming a grid-like pattern, as shown in Fig. 9 . This crack pattern can be attributed to the deck shape and restrained condition. The longitudinal length of the deck was longer than the transverse length, with the two sides being laterally restrained by girders. At the initial loading stage, the transverse direction deformation was small due to both sides being fixed to the girders, which made the deck behave as an indeterminate structure. However, as the load increased, the deck deformed into a dome shape due to the strong side restraints, thereby creating a grid-like crack pattern. When fatigue failure did not occur, no cracks were observed around the periphery of the loading plate after two million load cycles. When a monotonic loading caused failure in a deck after fatigue loading, an elliptical crack was observed around the periphery of the loading plate and some vertical cracks developed in the depth direction.
Maximum crack width from a monotonic load after two million loading cycles is shown in Fig. 10 . The residual crack width was between 1.5 and 2.3 mm at a static load of 560 kN in the second specimen of GD 1, GD 2, and the third specimen of GD 3. Even though two million cyclic loadings with a magnitude of 3.5 fold to service load was applied to the decks, the maximum crack width was 0.5 mm at a static load of 432 kN. This result indicate that a smaller maximum crack width can be expected when a service load less than 58% of maximum static tensile load of two million cycles is applied to the decks, consequently, satisfying the allowable maximum crack width regulation of the serviceability (cracking) requirements in CHBDC.
Punching angle behavior
Punching angle from fatigue load was investigated. All decks were quadri-sected as shown in Fig. 11 . Angle was measured by a digital inclinometer, as shown in Fig.  12 , and was calibrated for the inclination of the deck surface. Measured punching angles are shown in Table  6 . A, B, C, and D indicate quadri-sectional regions and are shown in Table 6 . For SD, the punching angle was symmetric for the central vertical plan of the girder direction but not for the span direction. This phenomenon was also observed in other decks in the direction of the girder or span. Concrete is a composite material and this causes the concrete member to behave anisotropically, resulting in asymmetric behavior. Average punching angle and symmetry for each specimen were determined based on the observations stated above. Symmetry of punching angle was defined in this research as a measured deviation smaller than 10% of the minimum angle. Average angles and symmetric states are tabulated in Table 7 . GD 1 with same reinforcement ratio as SD showed 29.0º and 22.7º on average, while SD showed 26.2º and 24.7º for the transverse and longitudinal directions, respectively. However, as the transverse reinforcement ratio increased, average punching angle increased to 29.0º, 26.8º, and 32.4º for the transverse direction and decreased to 22.7º, 19.3º, and 18.7º for the longitudinal direction for GD 1, GD 2, and GD 3, respectively. These results indicate that the transverse reinforcement ratio increase in the GFRP RC deck applied stronger restraining force to the deck, causing the punching angle in the transverse cross-section to become steeper. The data from Table 7 , show that the increase in transverse reinforcement ratio makes the deck more rigid, and the rigidity is not linearly proportional to the change in punching angle. An in-depth study should be performed in the future on this topic for better understanding of the behavior.
Fatigue life
Many researchers proposed the peak load estimation equation as a function of the ratio of applied to ultimate loads and total number of load cycles N as follows. Youn and Chang (1998) : log 0.066 log log1.4461
Matsui et al. (2001): log 0.07835log log1.52 Klowak et al. (2006) : 
As stated earlier, the third specimen of GD 1 failed at approximately one million load cycles, when its stiffness reached 60% of its initial stiffness. Based on this test result, it is safe to assume that fatigue failure was imminent in GD 1-2, GD 3-2, and GD 3-3. Therefore, the fatigue life prediction equation is proposed based on the assumption that these decks failed at two or three million cycles. The number of cycles versus applied load ratio is plotted in Fig. 13 with the estimation relations proposed by other researchers. As shown in Fig.  13 , measured data from this study were between estimations of Youn and Chang and Matsui et al. for steel reinforced decks and of Klowak et al. and El-Ragaby et al. for FRP reinforced decks. The decks reinforced with the GFRP rebar used in this study showed larger fatigue life than that estimated by Klowak et al. and El-Ragaby et 
KHBDC (MOCT 2005) recommends a maximum crack width of 0.004 times the cover thickness for steel reinforced concrete, which would be equivalent to 0.2 mm in this study. CHBDC (CAN/CSA-S6-06 2006) recommends that the crack width must not exceed 0.5 mm for members subjected to aggressive environments and 0.7 mm for other members. Therefore, the recommendation of KHBDC (MOCT 2005) for the crack width is quite conservative when it is applied to GFRP reinforced concrete members.
CHBDC (CAN/CSA-S6-06 2006) recommends that a minimum FRP reinforcement area in the transverse bottom direction is set as 500 / s FRP d E (mm 2 /mm). Based on the results from this study, this value corresponds to 1.00, 1.58, and 1.98 mm 2 /mm for GD 1, GD 2, and GD 3, respectively, which show that the increase in the bottom reinforcement ratio in the transverse direction produces an insignificant increase in the residual load carrying capacity after fatigue damage. Therefore, the recommendation of CHBDC (CAN/CSA-S6-06 2006) may be too conservative from the point of view of strength.
Conclusions
In this paper, the tensile strength of GFRP rebar with given material types and amounts was optimized, then the fatigue performance of concrete bridge decks reinforced with the GFRP was evaluated. The test parameters included the rebar type (steel and GFRP), reinforcement ratio, and the cyclic load number. Based on the experimental results, the following conclusions can be drawn. 1) Deterioration of concrete decks subjected to cyclic loads resulted in cumulative damage to the deck slab, which resulted in increased residual deflection and maximum crack width.
2) Punching failure mode was observed in concrete bridge decks reinforced with steel or GFRP rebars with an increase in reinforcement ratio contributing to the change in punching area. 3) Replacement of steel with GFRP rebars produced insignificant change in the peak load, but increased residual deflection. However, maximum crack width recommended by CHBDC was satisfied by applying cyclic load with a lower peak load magnitude. 4) Increase in transverse and longitudinal bottom reinforcement ratios induced an insignificant increase in peak load of deck under static and fatigue loads. 5) Fatigue performance of GFRP reinforced deck was not significantly affected by reinforcement ratio but was significantly affected by applied load magnitude. The peak load applied to the deck under fatigue loading should be lower than 58% of the maximum static load to prevent the deck from prematurely failing prior to two million cycles. Applying lower load magnitude in fatigue design can lengthen the service life. 6) Allowable crack width recommended by KHBDC should be modified when a deck is reinforced with GFRP rebars. The recommendation of CHBDC for minimum FRP reinforcement area of bottom rebars in the transverse direction may be too conservative with respect to the load capacity. 
